Three metal-organic framework (MOF) compounds, Ln 0.5 Gd 0.5 {C 6 H 3 (COO) 3 }; Ln = Eu, Tb, and Dy with a MIL-78 structure, have been synthesized by a solvent-free mechanochemical method from stoichiometric mixtures of benzene 1,3,5-tricarboxylic acid, C 6 H 3 (COOH) 3 , also known as trimesic acid, and the respective lanthanide carbonates, Ln 2 (CO 3 ) 3 ·xH 2 O, Ln = Eu, Gd, Tb and Dy. MIL-78 (Ln 0.5 Gd 0.5 ) shows the characteristic red, green, and yellow luminescence of Eu 3+ , Tb
Introduction
Metal-organic frameworks (MOFs) constitute a large class of three-dimensional coordination polymers with ordered microporous structures, which have recently attracted considerable attention as highly promising materials for gas storage and separation, catalysis, magnetic cooling and as luminescent and photonic materials for sensing applications. [1] [2] [3] [4] [5] MOFs containing lanthanides (Ln-MOFs) are of particular interest as functional luminescent materials for solid-state lighting and related applications. 4, 6 Typically, MOFs are prepared using solution-based techniques including conventional and solvothermal chemical syntheses, 7 as well as less common microwave-assisted, 8 electro-, 9 sono-10 and liquid-assisted grinding 11 procedures. While solvent-based methods generally produce highly crystalline MOFs, they often rely on hazardous organic solvents and generate considerable amounts of wastes when scaled-up. Among the alternatives, the solvent-free mechanochemical preparation of MOFs, also known as mechanochemistry, has proven to be a rapid, simple and efficient process 12 that is readily adaptable to large-scale production. Mechanochemistry often produces materials with unique particle shapes, sizes, morphologies and structure defects, which can influence or even determine their photoluminescence properties. 13 Therefore, in order to fully establish mechanochemistry as a preferred synthesis route for advanced phosphor materials, it is critical to understand the effects of mechanical processing on the luminescence properties of phosphors. For the application of Ln-MOFs in solid-state lighting, for example, in wLEDs (white light emitting diodes), aside from an efficient emission, a high photoluminescence quantum yield and excellent color purity are important prerequisites. In addition to the desired wavelength emission and high conversion efficiency, achieving enhanced stability at high temperatures while maintaining a narrow emission width is of particular interest. 14 As noted in ref. 19 , addition of anhydrous dimethylformamide and dimethyl ether prevented the progress of the reaction and, hence, the formation of any condensed species. The reactions were also carried out in the presence of 1-2 molar equivalents of additional water, but no significant changes in the reaction time or crystallinity of the products were noted. Beyond a certain limit of additional water, a plastic-like product was obtained, which was not characterized further.
Characterization
Powder X-ray diffraction (PXRD). PXRD measurements were carried out on a PANalytical X'PERT powder diffractometer with an Xcelerator detector employing Cu-K α1 radiation (λ = 0.15406 nm) in the 2θ range from 5°to 80°with a step size of 0.02°. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) data were collected at a heating rate of 10°C min −1 from room temperature to 1000°C using a Netzsch Luxx STA 409 PG. X-ray photoemission spectroscopy (XPS). XPS measurements were performed in a stainless-steel ultrahigh vacuum chamber (PerkinElmer, model 5500, base pressure <10-10 mbar). XPS measurements were performed on a Physical Electronics 5500 multi-technique system with a standard aluminum source. The analysis spot size was 1 × 1 mm. The samples were mounted on double sided Scotch© tape. The binding energies in the XPS spectra are calibrated against the C-1s signal (284.8 eV) corresponding to adventitious physisorbed carbon dioxide.
Infra-Red (IR) spectroscopy. Attenuated total reflection (ATR) spectroscopy was carried out on an Alpha ATR spectrometer equipped with a diamond crystal (Bruker, Karlsruhe, D). Solid samples were pressed on the crystal with a diamond surface to ensure good contact.
UV-Vis spectroscopy. UV-Vis spectra were recorded at room temperature on a Cary 5000 spectrometer (Varian, Palo Alto, USA) in reflection mode.
Fluorescence spectroscopy. Excitation and emission spectra were recorded at room temperature on a HORIBA Jobin Yvon Fluorolog 3-222 spectrofluorometer, equipped with a 450 W xenon arc lamp and a R928P PMT detector. The decay curve measurements were obtained by using the same instrument operating in phosphorescence mode.
Results and discussion
The PXRD patterns of the as-prepared MOFs are shown in Fig. 1 . The products obtained upon ball milling with each combination of lanthanides are isostructural, and their PXRD patterns are in good agreement with the calculated pattern of the MIL-78 (Gd) crystallizing in the monoclinic space group C2/m (no. 12). 15 Because of significant line broadening of the Bragg peaks and extremely low intensities above 2θ ≅ 45°, the peak shifts expected to arise for the different compounds due to the lanthanide contraction are not discernible. No additional diffraction peaks originating from precursors or other crystalline impurities can be detected confirming the phase purity of the obtained materials. The large background is expected to arise from amorphization of a part of the materials.
The TG-DSC analysis of the as-prepared MIL-78 (Tb 0.5 Gd 0.5 ) shows a two-step weight loss between room temperature and 1000°C (Fig. 2) . The first broad loss with a T onset of ∼100°C finishing close to 330°C can be assigned to the loss of both physically adsorbed H 2 O and the water coordinated within the MIL-78 structure. A similar behaviour is observed for the assynthesized Eu and Dy containing MIL-78 MOFs (Fig. 2) . The weight losses are 10.5% (∼3.3 eq. H 2 O per f.u.) for the MIL-78 (Eu 0.5 Gd 0.5 ), 7.3% (∼2.25 eq. H 2 O per f.u.) for (Tb 0.5 Gd 0.5 ), and 9% (∼2.8 eq. H 2 O per f.u.) for (Dy 0.5 Gd 0.5 ). The second weight loss at a higher temperature with T onset ≅ 600°C is attributed to the thermal decomposition of MIL-78 to lanthanide oxides. 15 The thermal behaviours are in agreement with those reported for MIL-78 (Gd), MIL-78 (Tb 0.34 Dy 0.33 Gd 0.33 ) and MIL-78 (Dy 0.5 Gd 0.5 ). 19 The absence of signals characteristic of trimesic acid and carbonates confirms that all of the precursors reacted, forming desired products. The surface composition and the oxidation states of the lanthanides in the as-synthesized MIL-78 (Ln 0.5 Gd 0.5 ) Ln = Eu, Tb, and Dy were investigated with X-ray photoelectron spectroscopy (XPS) and the data obtained were analyzed by a curve fitting process shown in Fig. 3 . The XPS spectra illustrated in Fig. 3 contain signals that can be attributed to the electronic transitions in Eu, Gd, Tb, Dy, O and C. The Eu-3d, Tb-3d, and Dy-3d scans are presented in Fig. 3 The IR spectra of MIL-78 (Ln 0.5 Gd 0.5 ) with Ln = Eu, Tb, and Dy (Fig. 4) show similar features. The characteristic bands of the protonated carboxyl groups of trimesic acid (νOH, 3085 cm −1 ; ν CvO , 1714 cm −1 ; δ CvO , 537 cm −1 ) and metal car- UV-Vis absorption spectra of MIL-78 (Ln 0.5 Gd 0.5 ) and trimesic acid (Fig. 5) were recorded in the solid-state at room temperature. As is evident from Fig. 5 , MIL-78 (Ln 0.5 Gd 0.5 ) with Ln = Eu, Tb, and Dy show quite similar spectral profiles compared to trimesic acid, suggesting that the complexation of the Ln 3+ ions does not significantly affect the singlet excitation state of trimesic acid. Starting from high energies, first, the π-π* type of transition in the aromatic ring and then n → π* transitions in the CvO group can be observed. 31, 32 In comparison with the transitions in the free trimesic acid, the bands in the absorption spectrum of trimesic acid are red-shifted and additional bands beyond 300 nm are pronouncedly visible. The differences between the absorption spectrum of trimesic acid (H 3 BTC) and the spectra of MIL-78 (Ln 0.5 Gd 0.5 ) can be attributed to the deprotonation and coordination of H 3 BTC (i.e. BTC 3− ). 33 The f-f transitions of the respective lanthanide ions appear to be invisible in the absorption spectrum due to the high intensity of the transitions within the organic moiety, which have a much higher transition probability. The luminescence properties of three compounds were determined in the solid state at room temperature. Fig. 6 shows the excitation and emission spectra of MIL-78 (Ln 0.5 Gd 0.5 ); Ln = Eu, Tb, and Dy. The excitation spectra were recorded by monitoring the 3+ . Similar to the UV-vis absorption spectra, the excitation spectra of all the samples show broad bands below 300 nm, which can be attributed to the n-π* and π-π* transitions of the ligand, at lower and higher energies, respectively. In addition, the excitation spectrum of MIL-78 (Eu 0. The hypersensitive 5 D 4 -7 F 5 transition is the most intense among these transitions, and is responsible for its green luminescence (Fig. 6, inset) . MIL-78 (Dy 0.5 Gd 0.5 ) also shows typical Dy 3+ emission bands at 481, 576, and 665 nm due to 4 F 9/2 -6 H 15/2 , 4 F 9/2 -6 H 13/2 , and 4 F 9/2 -6 H 11/2 transitions, respectively, with the 4 F 9/2 -6 H 15/2 transition (yellow emission) being the most intense. 34 The color coordinates for the as-syn- lanthanide-based MOFs can display good color purity for red, green, and yellow emission, respectively. ions is an important factor which can affect the emission efficiency of the lanthanide complexes. The triplet level of the ligand needs to be higher than the emissive lanthanide cation level, ideally relatively close, but not too close that energy back transfer processes dominate. According to empirical rules established by Latva, an ideal ligand to metal transfer process occurs when the energy gaps between the ligand and the emissive level of lanthanides are larger than 2000-2500 cm −1 for Eu 3+ and Tb 3+ . 35 The triplet level of the BTC 3− ligand derived from the photoluminescence of Gd-complexes has been deter- is complex and less than the optimal value, therefore it can be expected that there exists a back transfer process leading to weak luminescence properties. Furthermore, the weak luminescence of MIL-78 (Dy 0.5 Gd 0.5 ) can be ascribed to a small band gap that is more prone to nonradiative deactivation, 38 especially in the case of a high water content.
Conclusions
The luminescence properties of three lanthanide-containing metal-organic frameworks with a MIL-78 structure (MIL-78 (Ln 0.5 Gd 0.5 ) Ln = Eu, Tb, and Dy) prepared by solvent-free ball milling from carbonates of the corresponding lanthanides and benzene 1,3,5-tricarboxylic acid were determined. The three different optically active Ln 3+ ions Eu luminescence properties of the Tb-containing MIL-78 MOF can be attributed to a good match of the lowest triplet energy level of the BTC 3− ligand with the emissive level of Tb 3+ .
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